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Sir2 is an NAD-dependent histone deacetylase required for tran-
scriptional silencing. To study the mechanism of Sir2 function, we
examined the biochemical properties of purified recombinant Dro-
sophila Sir2 (dSir2). First, we performed histone deacetylation
assays and found that dSir2 deacetylates a broad range of acety-
lated lysine residues. We then carried out in vitro transcription
experiments and observed that dSir2 does not repress transcription
with either naked DNA templates or chromatin assembled from
native (and mostly unacetylated) histones. It was possible, how-
ever, that repression by dSir2 requires an acetylated histone
substrate. We therefore tested the transcriptional effects of dSir2
with native histones that were hyperacetylated by treatment with
acetic anhydride. Assembly of the hyperacetylated histones onto
DNA yields a soluble histone–DNA complex that differs from
canonical nucleosomal chromatin. With this hyperacetylated
histone–DNA complex, we observed potent (50- to 100-fold) NAD-
dependent transcriptional repression by purified dSir2. In contrast,
repression by dSir2 was not observed in parallel experiments in
which histones were hyperpropionylated with propionic anhy-
dride. We also found that dSir2 mediates the formation of a
nuclease-resistant fast-sedimenting histone–DNA complex in an
NAD-dependent manner. Unlike dSir2, the dHDAC1 deacetylase
does not strongly repress transcription or generate a nuclease-
resistant histone–DNA complex. Furthermore, with yeast Sir2, the
transcriptional repression we observe correlates with deacetyla-
tion activity in vitro and silencing activity in vivo. These findings
suggest that deacetylation by Sir2 causes a conformational change
or rearrangement of histones into a transcriptionally repressive
chromatin structure.

Chromatin is an integral component of the transcription
process (1–9). A variety of factors have been found to affect

transcriptional activity by covalent modification of histones or
ATP-driven remodeling of chromatin structure. For instance,
proteins that acetylate histones are generally involved in tran-
scriptional activation, whereas histone deacetylases (HDACs)
generally appear to function in transcriptional repression. In
addition, ATP-utilizing nucleosome remodeling factors are able
to facilitate DNA-dependent processes in chromatin. At present,
many proteins that catalyze histone modification or nucleosome
remodeling have been identified. It will thus be important to
investigate the biochemical mechanisms by which these factors
regulate transcription.

Sir2 is an NAD-dependent HDAC that functions in transcrip-
tional silencing (for recent reviews, see refs. 10–12). In Saccha-
romyces cerevisiae, Sir2 is required for repression at the silent
mating loci (13), telomeres (14, 15), and rDNA (16–18). In
addition, yeast Sir2 (ySir2) functions with the Sir3, Sir4, and
Rap1 proteins in silencing at the silent mating loci and at
telomeres (19–21) but acts with different proteins (including
Net1 and Cdc14) in rDNA silencing (22, 23). In addition, ySir2
was found to extend life span, possibly by suppression of rDNA
recombination (11, 24, 25). In Drosophila, Sir2 is involved in
centromeric heterochromatic silencing but apparently not telo-
meric silencing (26). In addition, Drosophila Sir2 (dSir2) inter-
acts genetically and physically with the Hairy corepressor
protein (26).

Sir2 is a member of a family of proteins (also known as
sirtuins) that are conserved from bacteria to humans (27). It
appears that there are five Sir2-like proteins (including Sir2
itself) in yeast as well as at least five in Drosophila and seven
in humans. Sir2 and related proteins have been observed to
exhibit ADP-ribosyltransferase activity (28, 29) as well as
NAD-dependent HDAC activity (30–32). The HDAC activity
of Sir2 correlates well with the observation that silent chro-
matin is generally hypoacetylated and that the extent of
acetylation at the silent mating loci is inversely related to the
level of Sir2 in vivo (33). In addition, mutations that reduce
HDAC activity of Sir2 were also found to be defective in
silencing (30). Moreover, yeast strains carrying a null mutant
allele of NPT1, which is involved in NAD biosynthesis, were
observed to possess a reduced intracellular concentration of
NAD as well as to exhibit loss of silencing that is comparable
to that seen in the absence of Sir2 (32). These and other
findings collectively provide strong evidence for a model in
which NAD-dependent histone deacetylation by Sir2 is re-
quired for transcriptional silencing.

In this study, we examined the biochemical activities of the
Sir2 protein. To gain a better understanding of transcriptional
repression by Sir2, we analyzed the effects of Sir2-mediated
histone deacetylation upon chromatin structure and transcrip-
tional activity. These studies suggest that Sir2 mediates a con-
formational change or rearrangement in chromatin that results
in the formation of a transcriptionally repressive structure.

Materials and Methods
Recombinant Proteins and Other Materials. A construct that en-
codes full-length dSir2 with a C-terminal His-6 tag was pre-
pared from a cDNA (LD13904; Research Genetics, Huntsville,
AL) of Drosophila SIRT1 (GenBank accession no. AF068758).
The corresponding His-tagged dSir2 protein was synthesized in
Sf9 cells by using a baculovirus expression system (Bac to Bac;
GIBCO�BRL) and purified by Ni(II) affinity chromatography
(Ni-NTA resin; Qiagen, Chatsworth, CA). A construct that
encodes full length ySir2 with an N-terminal GST tag
(pDM111; ref. 23) and derivatives of this construct (GST-Sir2-
H364Y and GST-Sir2-G270E) were expressed and purified as
described (34). NF-�B p65, Sp1, and Drosophila HDAC1
(dHDAC1) proteins were prepared as described (35). Poly-
clonal rabbit antibodies against dSir2 were generated against
full-length recombinant dSir2 protein purified under denatur-
ing conditions. The HDAC inhibitors FR901228 and trichos-
tatin A were used as described (35).

Core Histones. Native core histones were purified from Drosophila
(36). Hyperacetylated core histones were prepared as follows.
Core histones (1 mg�ml) were dialyzed into acetylation buffer
(50 mM NaHCO3, pH 8�2 M NaCl) and then acetylated with
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acetic anhydride (10 mM final concentration; added as the neat
liquid) on ice for 30 min. The reaction was quenched by the
addition of 50 mM Tris�HCl (pH 8.0), and the histones were
subjected to extensive dialysis (against 10 mM Hepes�K�, pH
7.6�1 mM EDTA�10 mM KCl�10% glycerol) to remove unre-
acted acetic anhydride. Propionylated histones were prepared in
an analogous manner with propionic anhydride.

Assays. HDAC reactions were performed by incubation of pu-
rified dSir2 (100 nM) or dHDAC1 (100 nM) with hyperacety-
lated core histones (10 �g�ml, 0.75 �M in histone polypeptides)
for 30 min at 30°C in buffer (50 �l of total reaction volume)
consisting of 50 mM Hepes, K�, pH 7.6, 50 mM NaCl, 0.1 mM
EDTA, 1 mM DTT, and 5% glycerol. NAD was used at 100 �M
final concentration. The reactions were terminated by the ad-
dition of SDS gel loading buffer and then subjected to 15%
polyacrylamide–SDS electrophoresis. Total core histones were
detected by staining with Coomassie brilliant blue R-250. The
deacetylation of specific lysine residues in the core histones
was detected by Western blot analysis with antibodies that
recognize the acetylated (but not unacetylated) form of the
residues. Antibodies against acetylated histone H3 (Ac-K9;
Ac-K14; Ac-K9,14) and acetylated histone H4 (Ac-K5; Ac-K8;

Ac-K12; Ac-K16; Ac-K5,8,12,16) were from Upstate Biotech-
nology, Lake Placid, NY. Antibodies against acetylated lysines,
acetylated histone H2B (Ac-K5; Ac-K20), and acetylated histone
H3 (Ac-K18; Ac-K23) were from Cell Signaling Technology
(Beverly, MA). ADP-ribosyltransferase assays were performed
by incubation of dSir2, 32P-NAD, and core histones (28, 29).
dSir2-mediated transfer of 32P to the core histones was not
detected by SDS-polyacrylamide gel electrophoresis and auto-
radiography (data not shown).

Chromatin Assembly and Analysis. The plasmid pHIV (35), which
contains the promoter region of the HIV-1 long terminal
repeat, was used as the DNA template. Transcription of
chromatin assembled with purified ACF and NAP-1 was
carried out as described previously (37). Quantitation of the
data was carried out with a PhosphorImager (Molecular
Dynamics). All reaction conditions were performed in dupli-
cate. Sedimentation analyses were carried out with linear
20–50% (wt�vol) sucrose gradients in a Beckman SW55 rotor
(Beckman Coulter) (Fig. 4A: 25,000 rpm, 3 h; Fig. 4B: 45,000
rpm, 6 h; Fig. 4C: 25,000 rpm, 3.5 h). Each experiment was
performed a minimum of two independent times to ensure the
reproducibility of the results.

Fig. 1. dSir2 catalyzes the deacetylation of a broad range of lysine residues in core histone tails. (A) Synthesis and purification of dSir2. His-6-tagged, full-length
dSir2 was purified and then subjected to 8% polyacrylamide-SDS gel electrophoresis and staining with Coomassie brilliant blue R-250. (B) Deacetylation by dSir2
requires NAD and is inhibited by coumermycin A1. Purified Drosophila core histones were hyperacetylated with acetic anhydride and then used as substrates
for deacetylation by dSir2. Where indicated, dSir2 (100 nM), NAD (100 �M), and coumermycin A1 (100 �M) were included in the reactions. The extent of
deacetylation at the indicated lysine residues was monitored by Western blot analysis with antibodies that specifically recognize the acetylated form of the
residues. The amount of total histone polypeptides in the reaction mixtures was monitored by 15% polyacrylamide-SDS gel electrophoresis and staining with
Coomassie brilliant blue R-250. The asterisk denotes a contaminant in the preparation of coumermycin A1. (C) dSir2 deacetylates histones when added prior to
chromatin assembly, but not subsequent to chromatin assembly. Chromatin assembly reactions were performed with hyperacetylated histones, ACF, NAP-1,
plasmid DNA, and ATP. dSir2 (100 nM) and NAD (100 �M) were added, as indicated, either before or after the chromatin assembly reactions. The deacetylation
of specific lysine residues was detected by Western blot analysis as in B.
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Results and Discussion
dSir2 Catalyzes the Deacetylation of a Wide Range of Lysine Residues
in Core Histone Tails. In this work, we focused primarily on the
biochemical properties of Drosophila Sir2 (dSir2). To this end,
we synthesized full-length dSir2 in Sf9 cells with a C-terminal
His-6 tag and purified the recombinant protein to near homo-
geneity by Ni(II) affinity chromatography (Fig. 1A). We then
tested the ability of the purified protein to catalyze the deacety-
lation of histones. In these experiments, we prepared hyper-
acetylated core histones by treatment of purified native Dro-
sophila core histones with acetic anhydride (35, 38). This reaction
was carried out in 2 M NaCl to promote the maintenance of the
octameric form of the core histones. Unreacted acetic anhydride
was removed by extensive dialysis, and the resulting hyperacety-
lated histones were used as the substrate for the deacetylation
reaction. The extent of deacetylation at individual lysine residues
was monitored by Western blot analysis with antibodies that
recognize the acetylated form of specific lysine residues in the
core histone tails. Consistent with previous findings (26), puri-
fied dSir2 has NAD-dependent HDAC activity (Fig. 1B). In
addition, dSir2 did not deacetylate histones if NADH, NADP, or
NADPH were used instead of NAD; was not able to deacetylate
hyperacetylated BSA; did not exhibit any detectable ADP ribo-
syltransferase activity; and was not affected by the HDAC
inhibitors trichostatin A (at 2.5 �M) or FR901228 (at 1 �M)
(data not shown).

ySir2 deacetylates K9 and K14 of histone H3 and K5, K12, and
K16 of histone H4 (30, 31). We found that dSir2 catalyzes the
deacetylation of K9 and K14 of H3 and K5, K12, and K16 of H4
as well as K18 and K23 of H3 and K5 and K20 of H2B (Fig. 1
B and C). The only lysine residue that was observed to be weakly
deacetylated by dSir2 is K8 of histone H4 (Fig. 1B). In addition,
deacetylation by dSir2 is completely inhibited by 200 �M
coumermycin A1 (Fig. 1B). Titration experiments revealed that
50% inhibition of dSir2 deacetylase activity is achieved at about
10 �M coumermycin A1 (data not shown).

Transcriptional Repression by dSir2 in Vitro Requires NAD and Hyper-
acetylated Histones. Next, we investigated the effect of dSir2 on
transcription in vitro. In these experiments, transcription reac-
tions were performed with the HIV-1 long terminal repeat
promoter in conjunction with purified Sp1 and NF-�B p65
activator proteins. With naked DNA templates, we did not
observe any transcription repression by dSir2 and NAD (data not
shown). We then tested the effect of dSir2 on transcription of
chromatin templates. To this end, we assembled chromatin with
purified recombinant ACF, purified recombinant NAP-1, and
purified native core histones from Drosophila embryos (39). The
assembly reactions were carried out in the absence or presence
of dSir2 and NAD. Micrococcal nuclease digestion analysis of
the chromatin indicated that dSir2 does not affect the assembly
of the purified native histones into chromatin (Fig. 2A). In
addition, there was no detectable effect of dSir2 on transcription
from the chromatin assembled with native core histones (Fig.
2B). Thus, dSir2 that is active for histone deacetylation is not
able to repress transcription in vitro with either naked DNA or
chromatin that is assembled from native histones.

It is important to note that the native histones from Drosophila
embryos are mostly unacetylated. Hence, it was possible that the
lack of transcriptional repression by dSir2 was due to the absence
of histone acetylation. We therefore carried out experiments
analogous to those in Fig. 2 A and B, except that we used either
acetylated HeLa histones (purified from butyrate-treated HeLa
cells) or histones that were acetylated in vitro with purified p300.
We did not, however, observe �2-fold repression by dSir2 under
either of these conditions (data not shown).

To investigate further the potential relation between histone

acetylation and dSir2-mediated repression, we tested the tran-
scriptional effects of dSir2 with native histones that were
hyperacetylated by treatment with acetic anhydride. [These hyper-
acetylated histones are identical to those used in the deacetylase
assays (Fig. 1 B and C).] Incubation of the hyperacetylated
histones with ACF and NAP-1 under chromatin assembly con-
ditions yields a histone–DNA complex that differs from canon-
ical nucleosomal chromatin (Fig. 2C, left lanes). The addition of

Fig. 2. Transcriptional repression by dSir2 requires NAD and hyperacetylated
histones. (A) dSir2 and NAD do not disrupt the periodicity of nucleosomes
assembled with ACF and NAP-1. Chromatin was assembled with ACF, NAP-1,
purified native Drosophila core histones, ATP, and pHIV template DNA. Where
indicated, purified dSir2 (100 nM) and NAD (100 �M) were added before
chromatin assembly. The resulting samples were subjected to micrococcal
nuclease (MNase) digestion analysis. (B) dSir2 does not inhibit transcription of
chromatin assembled with native (and mostly unacetylated) core histones.
Aliquots of the same chromatin samples used in A were subjected to in vitro
transcription analysis. Sp1 (10 nM) and NF-�B p65 (100 nM) were added to the
chromatin templates, and transcription was carried out with a HeLa nuclear
extract. Where indicated, purified dSir2 (100 nM) and NAD (100 �M) were
added either before or after chromatin assembly. The resulting transcripts
were detected by primer extension analysis. Transcriptional activity is re-
ported as relative to that observed with in the absence of dSir2 and NAD,
which is designated as ‘‘(100).’’ (C) dSir2 and NAD mediate the formation of a
nuclease-resistant structure with hyperacetylated histones. Chromatin assem-
bly and micrococcal nuclease digestion analysis was performed as in A, except
that hyperacetylated core histones were used instead of native core histones.
(D) dSir2 is a potent NAD-dependent repressor of transcription with hyper-
acetylated core histones. Aliquots of the same chromatin samples used in C
were subjected to in vitro transcription analysis as in B.
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dSir2 and NAD to the hyperacetylated histones prior to the
chromatin assembly reactions led to the formation of a nuclease-
resistant histone–DNA complex (Fig. 2C, center lanes) that is
transcriptionally repressed (Fig. 2D). [In the absence of dSir2,
the level of transcription from the hyperacetylated histone–
DNA complex is comparable to that seen with chromatin (as in
Fig. 2B).] This nuclease-resistant transcriptionally repressive
complex was not formed by dSir2 alone in the absence of NAD
(Fig. 2 C and D). In addition, when dSir2 and NAD were added
subsequent to the chromatin assembly reactions under condi-
tions where histone deacetylation does not occur (Fig. 1C),
transcriptional repression was not observed (Fig. 2D). Thus, as
seen by comparison of Fig. 2 B and D, transcriptional repression
by dSir2 in vitro requires NAD and acetylated histones. There is
also a correlation between histone deacetylation, the formation
of a nuclease-resistant complex, and dSir2-dependent transcrip-
tional repression (Figs. 1C and 2 C and D).

To determine the amount of dSir2 that is required to observe
efficient transcriptional repression, we carried out a series of

transcription reactions with varying concentrations of dSir2.
These experiments indicated that the magnitude of repression
increases with dSir2 concentration (Fig. 3A). At 100 nM dSir2,
we typically observed �100-fold repression. This concentration
of dSir2 correlates to approximately two molecules of dSir2 per
core histone octamer. We also examined the amount of histone
deacetylation that occurs with varying concentrations of dSir2
(Fig. 3B) and found that there is a rough correlation between the
extent of dSir2-mediated deacetylation and transcriptional re-
pression. (As seen later, however, histone deacetylation by
dHDAC1 does not correlate with transcriptional repression.)

We also considered the possibility that dSir2 irreversibly
modifies the DNA template into a transcriptionally inactive
form. To address this hypothesis, we carried out assembly
reactions with dSir2 and NAD, as in Fig. 2D, and then depro-
teinized the template DNA prior to in vitro transcription analysis.
The resulting DNA templates were transcribed with an efficiency
that is comparable to that of naked DNA (data not shown). It is
thus unlikely that transcriptional repression by dSir2 is due to an
irreversible modification of the DNA template.

Fig. 3. Characterization of transcriptional repression by dSir2 in vitro. (A) Effect of dSir2 concentration on transcriptional repression. Reactions were performed
as in Fig. 2D with the indicated final concentrations of purified dSir2. (B) The extent of histone deacetylation by dSir2 roughly correlates with the amount of
transcriptional repression. HDAC assays were performed, as in Fig. 1, with the indicated final concentrations of dSir2 or dHDAC1. (C) dSir2 does not repress
transcription with hyperpropionylated core histones. Transcription reactions were carried out as in Fig. 2D. The properties of hyperpropionylated core histones
(prepared by incubation of core histones with propionic anhydride) were compared with those of hyperacetylated core histones (prepared with acetic
anhydride).

Fig. 4. Deacetylation of histones by dSir2 and NAD yields a fast-sedimenting histone–DNA species. (A) Sucrose gradient sedimentation analysis. The indicated
components were used in the same relative proportions as in the transcription reactions (Fig. 2). The migration of DNA was monitored by agarose gel
electrophoresis and staining with ethidium bromide. (B) Sucrose gradient sedimentation analysis was carried out with template DNA assembled with
hyperacetylated histones and dSir2, as in Fig. 2D. DNA was visualized by ethidium fluorescence, core histones were monitored by staining with Coomassie blue,
and dSir2 was detected by Western blot analysis. (C) Sucrose gradient sedimentation analysis was performed as in B, except that NAD was also included in the
assembly reaction.
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Transcriptional Repression by dSir2 Does Not Occur with Propiony-
lated Histones. Because of the use of acetic anhydride as the
acetylating agent, we sought to test whether the observed
transcriptional effects were an unforeseen consequence of the
treatment of histones with a carboxylic acid anhydride. To
investigate this possibility, we carried out transcription reactions
with histones that were hyperpropionylated with propionic an-
hydride. If the dSir2 repressive effects were due to treatment of
histones with a carboxylic acid anhydride, then we would observe
transcriptional repression with both the hyperacetylated histones
and the hyperpropionylated histones. We observed, however,
that dSir2 mediates transcriptional repression with the hyper-
acetylated histones but not with the hyperpropionylated histones
(Fig. 3C). Hence, modification of histones with a carboxylic acid
anhydride does not result in a change in the general properties
of the histones that leads to dSir2-mediated repression. Instead,
transcriptional repression by dSir2 in vitro is specific for acety-
lated histones.

Deacetylation of Histones by dSir2 Generates a Fast-Sedimenting
Nucleoprotein Complex. To investigate the nature of the transcrip-
tionally repressive histone–DNA complex that is formed by
deacetylation by dSir2, we carried out sucrose gradient sedimen-
tation analyses. In these experiments, we observed that chro-
matin assembled with native histones sediments at approxi-
mately the same rate as hyperacetylated histone–DNA
complexes that are formed under parallel conditions (Fig. 4A,
upper two gels). [Notably, chromatin samples prepared with
native versus hyperacetylated histones exhibit different micro-
coccal nuclease digestion patterns (Fig. 2 A and C) but sediment
at a similar rate.] In addition, the rate of sedimentation of the
hyperacetylated histone–DNA complexes does not change on
the addition of dSir2 alone (Fig. 4A, third gel). However, when
the hyperacetylated histones were incubated with both dSir2 and
NAD, the resulting histone–DNA complexes exhibited a faster
rate of sedimentation (Fig. 4A, bottom gel). Thus, dSir2 and
NAD mediate the formation of a transcriptionally repressed
(Fig. 2D), nuclease-resistant (Fig. 2C), and fast-sedimenting
(Fig. 4A) complex with hyperacetylated histones and DNA.

We further examined whether dSir2 remains associated with
the fast-sedimenting histone–DNA complex. To this end, we
performed sucrose gradient sedimentation and Western blot
analyses. In the absence of NAD, dSir2 does not cosediment with
the hyperacetylated histone–DNA complex (Fig. 4B). These
results indicate that dSir2 does not associate stably with the
hyperacetylated histone–DNA complex. In the presence of
NAD, a small fraction (�1%) of the dSir2 cosediments with the
histone–DNA complex (Fig. 4C). Thus, approximately one
molecule of dSir2 per 50 core histone octamers remains asso-
ciated with the histone–DNA complex. These results suggest that
the change in the sedimentation properties of the dSir2�NAD-
treated complexes is due to a conformational change or rear-
rangement of the histone–DNA complex rather than the stoi-
chiometric association of dSir2.

Deacetylation of Histones by dHDAC1 Does Not Inhibit Transcription.
To investigate whether transcriptional repression by dSir2 is due
to the deacetylation of histones, we compared the properties of
dSir2 with those of the dHDAC1 deacetylase. First, we found
that the specific activity of deacetylation by dHDAC1 is similar
to that by dSir2 (Fig. 3B). In our standard reaction conditions,
we found that dHDAC1 and dSir2 are each able to catalyze the
near complete deacetylation of histones at 100 nM concentration
(Fig. 3B). We then tested the ability of dHDAC1 and dSir2 to
deacetylate specific lysine residues and found that there are some
differences in their substrate specificities (Fig. 5A). For instance,
dSir2 is more effective at deacetylation of K18 and K23 of H3
than dHDAC1. We also carried out micrococcal nuclease di-

gestion analyses of hyperacetylated histone–DNA complexes
that were assembled in the presence of dHDAC1. In these
experiments, dHDAC1 did not mediate the formation of a
nuclease-resistant histone–DNA complex (Fig. 5B), in contrast
to that seen with dSir2 (Figs. 2C and 5B). Thus, dHDAC1 is
active for the deacetylation of histones, but does not generate a
nuclease-resistant structure with the hyperacetylated histones.

We had previously observed that dHDAC1 does not repress
transcription when used in conjunction with native core histones
(35). In these studies, we investigated whether dHDAC1 is able
to repress transcription when used in conjunction with the
hyperacetylated core histones. Unlike dSir2, dHDAC1 does not
strongly repress transcription from the hyperacetylated histone–
DNA complexes (Fig. 5C). Hence, the deacetylation of histones
by dHDAC1 does not lead to the formation of a nuclease-
resistant complex and the loss of transcriptional activity. It is
possible that transcriptional repression by dSir2 is due to its
ability to deacetylate a critical lysine residue that cannot be

Fig. 5. Histone deacetylation by Drosophila HDAC1 does not repress tran-
scription or generate a nuclease-resistant histone-DNA complex. In these
experiments, Drosophila HDAC1 (dHDAC1) and dSir2 were each used at a final
concentration of 100 nM. (A) Deacetylation of core histones by dHDAC1.
Histone deacetylation reactions were carried out as in Fig. 1B. (B) dHDAC1
does not generate a nuclease-resistant structure. Reactions were carried out
as in Fig. 2C. The histones that were treated with both dHDAC1 and dSir2
(middle lanes) were first incubated with dHDAC1 for 30 min before the
addition of dSir2 and NAD at the onset of the chromatin assembly reaction. (C)
dHDAC1 does not repress transcription with hyperacetylated histones. Reac-
tions were performed as in Fig. 2D.
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deacetylated by dHDAC1. However, chromatin that is assem-
bled with native (and mostly unacetylated) histones is not
repressed by either dSir2 (Fig. 2B) or dHDAC1 (35). Therefore,
it appears more likely that repression by dSir2 is due to a function
that is present in dSir2, but not in dHDAC1, that mediates the
rearrangement of histone–DNA interactions.

Transcriptional Repression in Vitro Reflects Silencing Function in Vivo.
To evaluate further the relation between Sir2 deacetylase activity
and transcriptional repression, we tested wild-type and mutant
versions of recombinant ySir2 in our transcription assay (Fig. 6).
Paralleling results with dSir2, wild-type ySir2 represses transcription
in an NAD-dependent manner. In contrast, ySir2-H364Y, a cata-
lytically inactive mutant that is globally defective for silencing in vivo
(29, 30), is unable to repress transcription in vitro. Furthermore,
ySir2-G270E, a mutant with 60% activity and partial silencing
defects in yeast (34), is �50% active in repression. Thus, the
transcriptional repression we observe correlates with ySir2 catalytic
activity in vitro and extent of silencing function in vivo.

Summary
In this work, we observed potent NAD-dependent transcrip-
tional repression by purified recombinant Sir2 in vitro. dSir2
represses transcription with histones that are hyperacetylated by
acetic anhydride, but not with native (and mostly unacetylated)
histones or with histones that are hyperpropionylated by propi-
onic anhydride. We also found that dSir2 mediates the formation
of a nuclease-resistant fast-sedimenting histone–DNA complex
in an NAD-dependent manner. Unlike dSir2, the dHDAC1
deacetylase does not strongly repress transcription or generate a
nuclease-resistant histone–DNA complex. Notably, mutant ver-
sions of ySir2 that are defective for silencing in vivo are also
defective for transcriptional repression in the in vitro assay.

One consideration is the structure of the hyperacetylated
histone–DNA complexes. These histone–DNA complexes do
not appear to consist of canonical nucleosomes. Yet, at the same
time, it is not known whether Sir2-mediated repression involves
chromatin that consists of canonical nucleosomes. Upon treat-
ment with dSir2 and NAD, the hyperacetylated histone–DNA
complex undergoes a sharp transition to a nuclease-resistant
fast-sedimenting histone–DNA complex. This altered complex
contains only small amounts of dSir2 (about one molecule of
dSir2 per 50 histone octamers), and thus it appears that dSir2
mediates a conformational change or rearrangement in the
histone–DNA complex during deacetylation.

In conclusion, these studies describe transcriptional repression
by Sir2 in vitro. The requirement for NAD and histone acetyla-
tion for repression, as well as the sensitivity to catalytic defects
that are associated with silencing defects, suggests that features
of this process, as seen in vitro, reflect the nature of Sir2-
regulated silencing in vivo. In addition, the ability of dSir2 to
mediate a conformational change or rearrangement in protein
complexes may be relevant to the function of other Sir2-related
proteins.
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